This study investigated the volume of wastewater retained on the surface of three different varieties of lettuce, Iceberg, Cos, and Oak leaf, following submersion in wastewater of different microbial qualities (10, 10 2 , 10 3 , and 10 4 E. coli MPN/100 mL) as a surrogate method for estimation of contamination of spray-irrigated lettuce. Uniquely, Escherichia coli was enumerated, after submersion, on both the outer and inner leaves and in a composite sample of lettuce. E. coli were enumerated using two techniques. Firstly, from samples of leaves -the direct method. Secondly, using an indirect method, where the E. coli concentrations were estimated from the volume of wastewater retained by the lettuce and the E. coli concentration of the wastewater. The results
INTRODUCTION
Worldwide, wastewater irrigation of crops is being applied increasingly in agriculture due to pressures associated with population growth and the shortage of freshwater resources.
One of the major public health concerns from this practice is the human health risk from exposure to pathogens associated with the consumption of wastewater-irrigated crops, particularly salad crops, which are generally consumed raw. The consumption of lettuce has been linked to several outbreaks of foodborne diseases (Brandl & Amundson ; Barker-Reid et al. ) . In an effort to minimise the adverse health effects from human exposure to pathogens associated with wastewater reuse in agriculture, the World Health Organization (WHO) published the third edition of the guidelines for the safe use of wastewater, excreta and greywater in 2006 (WHO ). The guidelines offer multiple approaches to risk management to meet the healthbased target for the burden of waterborne disease, 10 the challenges of using this tool include the lack of data or the poor quality of data available for inclusion in the estimation of the risk. Many studies have applied QMRA to the consumption of wastewater-irrigated salad crops, and lettuce, consumed worldwide, has been widely used to estimate this health risk.
In most of the QMRA studies, including the current WHO guidelines, the level of microbial contamination of the crops was estimated using exposure assessments derived from the water retained on the crops' surface, accepting the assumption that any microorganisms contained in the residual wastewater will be retained on the vegetable surfaces, even after the wastewater has evaporated (Shuval et tuce, which could be useful for estimating risk using QMRA. Furthermore, there are few studies that attempt to determine directly the numbers of microorganisms retained on the plants' surfaces to estimate the risk, rather than using the volume of wastewater, with a known concentration of microorganisms of concern, retained on the crops' surface to estimate numbers (Bastos et al. ; Aiello et al. ; Forslund et al. ) . Nevertheless, Mok & Hamilton () argued that this direct method was not flexible for modelling multiple scenarios compared to the water retention method, as it will only allow modelling on a particular set of conditions. However, enumeration directly from the surface of crops is the standard method for the microbiological examination of fresh fruits and vegetables used by food standard regulatory agencies (Food Standards Australia New Zealand
There is no clear evidence if the numbers estimated from the water retention on the surface of plants following submersion are comparable to the number of microorganisms quantified directly from the plants' surface. The aims of this study were: firstly, to determine wastewater retention volumes for three different varieties of lettuce (Iceberg, Cos and Oak leaf); secondly, after submersion, to compare the Escherichia coli concentration on composite samples and samples of outer and inner leaves from the three different varieties of lettuce; and, finally, to determine the effect of microbial wastewater quality on the contamination of E. coli on lettuce leaves, and to compare the direct enumeration of E. coli on lettuce leaves with the indirect method, which estimates contamination using the E. coli concentration and the volume of wastewater retained.
METHODS

Sample selection
Lettuce varieties
Three varieties of lettuce, Iceberg, Cos and Oak leaf lettuce Table 1 .
Wastewater retention
To determine the influence of lettuce cultivars on water retention and E. coli contamination, lettuces were contaminated with wastewater in the laboratory using the bucket submersion technique (Hawley ), which was adapted 
where W r was the volume of water retained (mL/g lettuce),
W a was the weight (g) of lettuce after submersion and W b was the initial weight (g) of lettuce before submersion.
Then, the volume of water retained was calculated (Equation (2)) and expressed as water retained per 100 g of lettuce based on the current guidelines (Shuval et al.
; WHO ).
The volume of water retained was calculated by:
Enumeration of E. coli
Indirect method
The E. coli content of the respective wastewater in which the lettuces were submerged was determined using the com/sams/romaine-hearts-6-ct/prod1941521.ip), (c) Oak leaf (http://montecitourbanfarms.com/shop/salanova-green-oakleaf-lettuce/#prettyPhoto). E:coli concentration 100 mL wastewater Ã Volume of water retained 100 g of lettuce !
(3)
Direct method
Following wastewater submersion, the lettuce was dissected into two components each comprising 3-4 outer leaves and 3-4 inner leaves in order to determine the E. coli concentration retained on lettuce leaves from different leaf locations. The outer and inner leaf samples were cut aseptically into 25 g. A second wastewater submersed lettuce, of the same type, was cut into quarters and then aseptically dissected into 25 g to include all parts of the lettuce leaves; this was designated the composite leaf sample. This experiment was conducted using three lettuce varieties each at four different E. coli concentrations in wastewater. The respective dissected leaf parts were analysed in triplicate. Each 25 g lettuce sample was added to a stomacher bag containing 225 mL, 0.1% sterile buffered peptone water and homogenised using a stomacher (Model 2X (IDEXX)) for 1 minute. Afterwards, 100 mL of suspension from the homogenate was collected into a 120 mL sterile tube and enumerated for E. coli using the Colilert ® -18 MPN method. The results were expressed as the MPN of E. coli/ 100 g of lettuce.
Statistical analysis
The difference in wastewater retained, and recovered E. coli between different varieties and parts of lettuce was analysed by using two-way analysis of variance together with the Bonferroni post-hoc test. The difference in E. coli concentration between the direct and indirect method of enumeration was analysed using the Paired-T test. The relationship of the E.
coli concentration between the E. coli concentration of the wastewater and lettuces following submersion was analysed using linear regression. All statistical analyses were performed using SPSS (PASW Statistics 18) with a confidence level of 95%.
RESULTS
Water retention in three varieties of lettuce
The mean volume of wastewater retained by the three lettuce varieties using the indirect method of determination is shown in Figure 2 . There was a statistically significant difference in the volume of wastewater retained by the three different varieties of lettuce (p < 0.01). It can be seen that Oak leaf lettuce retained the highest volume (42.9 ± 4.9 mL/100 g), following by Cos (22.6 ± 4.8 mL/100 g) and
Iceberg (15 ± 4.6 mL/100 g).
E. coli retained by varieties and parts of lettuce the composite leaf samples (p > 0.01) following submersion in the wastewaters with E. coli concentrations of 75.9 and 1,299.7 E. coli MPN/100 mL (Figures 3 and 4) . However, the location of the lettuce leaves becomes an important factor when submersion is in wastewater with an E. coli concentration of 27,550 E. coli MPN/100 mL, when there were The relationship of microbial quality between lettuce and wastewater
The E. coli counts enumerated from composite leaves of the respective lettuces were used to determine the relationship between the E. coli concentrations of the wastewater in which they were submersed. The E. coli concentration on lettuces was significantly (p < 0.05) related to E. coli concentration of the wastewater (Figure 6 ). QMRAs has been variously addressed by assigning a normal Figure 6 | The linear regression of E. coli count (log 10 E. coli MPN/100 g) recovered from composite leaf samples of Iceberg (◊, -, Equation (6)), Cos (□, -··-Equation (5)) and Oak leaf (▵, -----Equation (4)) lettuce and the E. coli count in the wastewater in which they were submersed (log 10 E. coli MPN/100 mL). The captured volume of Oak leaf lettuce in their study, 1 mL/100 g was far less than from our study, 42.9 mL/100 g.
This difference could possibly be explained by the difference in experimental procedures used to examine the water retained on the crops' surfaces. Mok & Hamilton () collected a hundred Oak leaf lettuces from a field irrigated with freshwater by overhead sprinklers, to determine the captured volume by weight differential before and after spinning and drying with a paper towel, while a laboratory submersion technique, as described above, was used in our study. The bucket submersion technique exposed a greater surface area of the crops to the wastewater in comparison to irrigation by overhead sprinklers where the water falls as droplets onto the surface of the crop. In addition, the weighing protocol was also different between these two studies. In our laboratory study the whole lettuce was submersed into wastewater contained within a bucket, excess water was removed using a well-defined 'shaking'
protocol and the captured volume was calculated by difference in weight before and after submersion. In contrast, in the study reported by Mok & Hamilton () significant manipulation of the samples occurred before the water retention value was determined. The Oak leaf lettuces were cut from the field, transported to a laboratory, weighed, cut into small pieces before being spun, and weighed. The water retained on crops' surfaces was potentially lost during transportation, leaf dissection and spinning, resulting in a much-reduced value for water retention than that reported here (42.9 mL/100 g) or the 10. results from field studies, relating wastewater quality to contamination of salad crops. Two equations were derived to estimate the E. coli concentration of high-growing crops (kale and green pepper) and low-growing crops (lettuce, spinach, and arugula; Equation (7)) at harvest.
Low-growing crops: 
CONCLUSIONS
In summary, the laboratory based experiment using the bucket submersion technique as a surrogate for field, spray irrigation, showed that the different cultivars of lettuce had different wastewater retention capabilities; the volume of wastewater retained by Oak leaf was greater than that retained by either Cos or Iceberg lettuce. There was no statistical difference in the E. coli count obtained from outer, inner and composite samples of leaves following submersion in wastewaters with E. coli concentrations of 10 2 and 10 3 E. coli MPN/100 mL. However, the E. coli count was higher on the outer leaves than on either inner or composite leaf samples of lettuce following submersion in wastewater
with an E. coli concentration of 10 4 E. coli MPN/100 mL.
Equations were derived which described the statistically significant linear relationship between the E. coli concentration of the wastewater and the subsequent E. coli count obtained from composite leaf samples following submersion. Uniquely, this study was the first to confirm that using the direct enumeration technique, where E. coli was enumerated on the leaves after submersion in wastewater was comparable with the indirect technique, where the E. coli concentration was estimated from the volume of wastewater retained by the lettuce and the E. coli concentration of the wastewater. This finding will be useful for conducting QMRA associated with the consumption of wastewater-irrigated salad crops. 
